Higher order folding of chromatin fibre is mediated by interactions of the histone H4 N-terminal tail domains with neighbouring nucleosomes. Mechanistically, the H4 tails of one nucleosome bind to the acidic patch region on the surface of adjacent nucleosomes, causing fibre compaction. The functionality of the chromatin fibre can be modified by proteins that interact with the nucleosome. The co-structures of five different proteins with the nucleosome (LANA, IL-33, RCC1, Sir3 and HMGN2) recently have been examined by experimental and computational studies. Interestingly, each of these proteins displays steric, ionic and hydrogen bond complementarity with the acidic patch, and therefore will compete with each other for binding to the nucleosome. We first review the molecular details of each interface, focusing on the key non-covalent interactions that stabilize the protein -acidic patch interactions. We then propose a model in which binding of proteins to the nucleosome disrupts interaction of the H4 tail domains with the acidic patch, preventing the intrinsic chromatin folding pathway and leading to assembly of alternative higher order chromatin structures with unique biological functions.
Introduction
The DNA of eukaryotic genomes is organized as a nucleoprotein complex termed chromatin. A long-standing challenge for both biological and physical scientists has been to understand how the protein components of chromatin regulate genome structure and the accessibility of the underlying DNA. The subunit of chromatin is the nucleosome, which consists of approximately 146 bp of DNA wrapped around an octamer of core histones [1] . Each core histone has a short N-terminal 'tail' domain that is unstructured and extends into solution. The remaining residues of each core histone are largely a-helical and collectively form the body of the nucleosome. Nucleosomes spaced repetitively along the DNA are referred to as nucleosomal arrays. The DNA that connects adjacent nucleosomes in an array is called linker DNA. Nucleosomal arrays are intrinsically dynamic. In low salt conditions, nucleosomal arrays adopt an extended beads-on-a-string conformation [2] . Under physiological ionic conditions, nucleosome -nucleosome interactions cause nucleosomal arrays to condense into folded and oligomeric structures. The core histone tail domains mediate array condensation, with the H4 tail domain contributing a particularly vital role [3] [4] [5] [6] . If the H4 tail is removed by proteolytic or recombinant means [4, [7] [8] [9] , or modified by acetylation [6, 10, 11] , nucleosomal arrays no longer condense normally. Central to the function of the H4 tail domain during chromatin condensation is its interaction with a specific region on the surface of neighbouring nucleosomes termed the 'acidic patch' [1, 12] . The acidic patch is formed from six H2A and two H2B residues, which together create a highly contoured and negatively charged binding interface on the nucleosome surface. This review focuses on the role of the acidic patch in mediating the higher order structure of the chromatin fibre. This subject should interest biological scientists & 2013 The Author(s) Published by the Royal Society. All rights reserved.
because control of chromatin fibre structure is linked to regulation of fibre function. It should appeal to the physical scientist because of its emphasis on molecular mechanism. Key questions that we address are what is the physico-chemical basis for how the acidic patch mediates nucleosomenucleosome interactions and the higher order structure of the chromatin fibre? At the atomic level, why is one relatively small region of the nucleosome surface so central to mediating genomic structure and function?
Genomic chromatin in vivo is composed of nucleosomal arrays and many different bound proteins, e.g. architectural proteins, transcription factors and remodelling enzymes. Many chromatin-associated proteins interact directly with the nucleosome. These nucleosome-binding proteins provide a means to manipulate the intrinsic structure and function of the underlying chromatin fibre. In other words, the higher order architecture in any given region of the genome will be dictated by the specific properties of the nucleosomebinding protein(s) in question. For example, yeast Sir3 interacts with nucleosomes and organizes the chromatin at telomeres and the silent mating loci into a specialized architecture that is repressive to transcription [13] . When Sir3p binds to nucleosomal arrays in vitro, it assembles a hypercondensed chromatin structure that is fundamentally different than that formed by the parent arrays [14, 15] . The fact that there are so many different nucleosome-binding proteins presumably reflects the existence of an equally large number of specific chromatin architectures, each of which is tailored to a specific functional state of the chromatin fibre.
Much recent effort has gone towards obtaining atomiclevel information about protein-nucleosome complexes. Results to date have revealed that all five of the nucleosome-binding proteins for which there are experimental or modelled co-structures interact with the acidic patch on the nucleosome surface. This surprising result raises a key mechanistic question: why is the same region on the nucleosome surface a common binding site for both the H4 tail domain and many nucleosome-binding proteins? The answer to this question must, in some way, be related to the biological functions of the different nucleosome-binding proteins. Here, we review the molecular details of the various protein -acidic patch interactions. We then propose a model in which proteins that bind to the nucleosome compete with the H4 tail domain for the acidic patch, preventing the nucleosome-nucleosome interactions that govern intrinsic chromatin condensation and leading to alternate chromatin architectures dictated by the specialized properties of the bound proteins. In this fashion, we propose that nucleosome-binding proteins lead to structural and functional remodelling of the chromatin fibre.
2. The nucleosome acidic patch and higher order chromatin structure
The nucleosome acidic patch
The arrangement of the core histones within the histone octamer produces a nucleosome surface that is highly contoured and asymmetrically charged (figure 1). A particularly striking feature of the nucleosome surface is the cluster of eight acidic residues (E56, E61, E64, D90, E91, E92 of H2A and E102, E110 of H2B) that forms a negatively charged 'acidic patch' (figure 1). The acidic patch has the shape of a narrow groove. The edges of the groove are formed by the a1-helix and the C-terminal aC-helix extension of H2B. The bottom of the groove is formed from the a2-helix and C-terminal extension of H2A (figure 1). The bottom of the groove also is contoured, with the H2A a2-helix forming a shallow ridge. Residues E102 and E110 project into the groove from the H2B aC extension. H2A residues E56, E61 and E64 come from the a2-helix, while residues D90, E91 and E92 are part of the H2A C-terminal extension. The acidic patch also has nonpolar character, with H2A residues Y50, V54 and Y57 forming a hydrophobic pocket along the bottom of the groove. Altogether the acidic patch is a complex interface, with distinct shape and non-polar features together with pronounced negative surface charge density. In terms of size, the acidic patch is sufficiently large to be able to accommodate a range of binding motifs (loops, extended strands, hairpin, a-helix), as will be discussed in § §2.2 and 2.3. Under physiological ionic conditions in vitro, short arrays of nucleosomes are in equilibrium between unfolded, folded and oligomeric conformational states [2] . The unfolded conformation is characterized by maximum extension between nucleosomes, leading to a beads-on-a-string structure. Cations facilitate the short-and long-range nucleosome-nucleosome interactions that cause array condensation, acting through a complex mechanism [16] . Short-range nucleosome-nucleosome interactions induce local array compaction [2, 17] , often referred to as 'higher order' chromatin folding. Early studies that used trypsin to remove all of the core histone tail domains showed that one or more of the tails was essential for folding [7, 9, 18] . Studies of recombinant nucleosomal arrays lacking or containing single tail domains identified the H4 tail as a primary mediator of the folding transition [3] . The H4 tail domain therefore is presumed to be an important determinant of chromatin fibre architecture in vivo. Similar to all core histone NTDs, the H4 tail domain is highly basic, and for many years was thought to bind to DNA [19, 20] . However, a mechanism involving interaction with the nucleosome acidic patch surfaced from the initial Xray crystallography studies of the nucleosome. An interaction between nucleosomes in the crystal lattice was observed, in which residues 16-24 of the H4 tail domain were bound to the acidic patch of a neighbouring nucleosome [1] . As indicated above, the central role of the H4 tail domain in mediating higher order chromatin folding was beginning to emerge at this time. It was therefore hypothesized that an interaction between the H4 tail domain and the acidic patch of neighbouring nucleosomes might mediate folding into 30 nm fibres [1, 3, 21] . Strong evidence for the involvement of the acidic patch in higher order chromatin folding came from mutational studies of the acidic patch residues in H2A.Z nucleosomes. Tremethick and co-workers [12] noted that the acidic patch region of nucleosomes containing the H2A.Z variant was expanded by several residues, and speculated that if the acidic patch was involved in higher order chromatin folding, H2A.Z-containing chromatin fibres would fold more readily than regular H2A fibres. They observed just that. If the additional acidic patch residues in H2A.Z were mutated back to the residues in H2A, the mutated chromatin fibres folded identically as regular H2A fibres [12] . Together with identification of the H4 tail domain as a key mediator of local nucleosome-nucleosome interactions [3] , these studies established that H4 tail domain interactions with the acidic patch are required for higher order chromatin folding.
The details of the H4 tail-acidic patch interaction remain an open question. The H4 NTD adopts an extended structure when interacting with the acidic patch in the crystal lattice (figure 2a). Consistent with this result, V21 of the H4 tail is in proximity to H2A E64 in folded nucleosomal arrays [21] . Yang & Arya [22] recently performed molecular dynamic simulations of the H4 tail domain docked to the nucleosome. Their computations suggested that amino acids 1-13 of the H4 tail domain are unfolded, but that residues 16-22 have a propensity for a-helix formation. The modelled a-helix fits snugly in the acidic patch groove (figure 2b). H4 K16, R19, K20 and R23 are on the same face of the helix, and form extensive non-covalent interactions with acidic patch residues. H4 K16 is a particularly key residue, forming a strong salt bridge with H2A E61, and other salt bridges with H2A E64, D90, E92 and H2B E102. The modelling studies found that acetylation of H4 K16 disrupts all of these salt bridges, while H4 K16 acetylation has been shown experimentally to disrupt higher order chromatin folding [6, 10, 11] . In the modelled structure, H4 R19 interacts with H2A E56, H4 K20 interacts with H2B E110 and H4 R23 with H2A E56 and H2B E110. Finally, both H4 R17 and H18 interact with H2A E64. However, we note that other modelling studies suggest that free H4 NTD is a hairpin [23] , and that acetylation promotes a-helix formation [24] . Moreover, the modelling results of Allahverdi et al. [6] suggest that H4 K16 may interact with H2B residues R96-L99. The structure of the H4 tail in a chromatin context is an area that will benefit from experimental studies in the future.
The acidic patch and nucleosome-binding proteins
This section discusses the five proteins for which there are co-structures or models with the nucleosome. These proteins have a variety of unrelated cellular functions, yet they all bind [1] . The H4 tail is shown in lime green. Histones are in grey, with acidic patch residues shaded pink. PDB 1A01. (b) Close-up view of the modelled H4 peptide -acidic patch interaction taken from [22] . The H4 peptide is shown in green. Histones are in grey, with acidic patch residues shaded pink. PDB provided courtesy of Dr G. Arya.
to the same acidic patch region of the nucleosome as the H4 tail domain.
Latency-associated nuclear antigen
In 2006, Barbera et al. [25] characterized the binding of a short fragment of the Kaposi's sarcoma herpes virus (KSHV) latency-associated nuclear antigen (LANA) to the nucleosome using biochemical and X-ray crystallography approaches. KSHV preserves its genetic material in episomes, which become associated with the host chromosomes and are replicated by the host cell machinery. LANA is the protein that tethers the KSHV episomes to mitotic chromosomes, and the LANA-chromosome interaction is essential for virus survival [26] . The first 22 N-terminal amino acids of LANA comprise the chromosome association domain [27] . Scanning alanine mutagenesis studies [28] determined that residues 5-16 of the chromosome association domain are required for LANA binding to chromosomes and for episome persistence. Electrophoretic mobility shift assay experiments showed that a peptide comprising amino acids 1-23 of LANA interacts with isolated nucleosomes [25] . Pull-down experiments determined that the LANA 1-23 peptide binds to the structured domains of isolated H2A-H2B dimers [25] . The biochemical studies indicated that the nucleosome is the chromosomal target for LANA. The crystal structure of the nucleosome complexed to the 1-23 peptide (figure 3a) revealed the molecular basis for LANA binding to nucleosome [25] .
The LANA 1-23 peptide forms a hairpin structure and shows a great deal of charge and shape complementarity with the acidic patch of the nucleosome. The LANA 1-23 hairpin fits between the C-terminal aC-helix and the a1-helix of H2B, and extensively interacts with H2A along its a2-helix. The LANA peptide fits tightly in the acidic pocket, with the non-polar M6 and L8 residues inserted into a hydrophobic region formed by residues V54, Y50 and Y57 on the H2A a2-helix. There are many non-covalent interactions between the LANA hairpin and the acidic patch residues. In particular, R9 of LANA forms salt bridges with E61, D90 and E92 of H2A, similar to modelled interaction of K16 with the H4 tail [22] . Notably, R9 of LANA is essential for chromatin association [25, 28] , just as K16 of the H4 tail is essential for chromatin compaction [6, 10, 11] . R9 of LANA also forms hydrogen bonds with H2A E61, D90 and E92. S10 of LANA forms a hydrogen bond with H2A E64, and R7 of LANA forms a salt bridge with H2B E110. Altogether, the crystal structure showed that residues 5-16 of the LANA peptide are the only amino acids that are involved in interactions with the nucleosome acidic patch. These are the same residues that are required for tethering episomes to the chromosomes [28] , indicating that the LANA chromosome associate domain evolved to use the nucleosome acidic patch for episome attachment.
Interleukin-33
Interleukin-33 (IL-33) is a member of the IL-1 family. It functions both as a cytokine and as an intracellular nuclear factor [29] . In 2007, Carriere et al. [30] showed that IL-33 is an abundant chromatin-associated factor in endothelial cells in vivo and it has roles in transcription regulation as well. Roussel et al. [29] demonstrated that residues 40-58 of IL-33 are sufficient for chromatin binding and called this region the chromatin binding motif (CBM). Roussel et al. [29] performed in vivo fluorescence experiments followed up by in vitro glutathione S-transferase pull-down experiments to demonstrate association with chromatin and isolated histones H2A-H2B. Through alanine scanning mutations they showed that there are six residues essential for chromatin and histone interactions: M45, L47, R48, S49, G50 and I53. Residues 44-52 of IL-33 have homology to residues 5-14 of LANA (both contain a MXLRSG sequence). Based on this conserved motif, Roussel et al. [29] suggested that the IL-33 CBM binds to the same location on the nucleosome as the LANA chromosome association domain.
Roussel et al. [29] modelled the CBM -nucleosome complex using the crystal structure of LANA 1-23 peptide bound to the nucleosome as a guide. Modelling suggested that IL-33 CBM forms a tight hairpin similar to the LANA peptide. Not surprisingly, the shape and charges of the IL-33 CBM were complementary with the acidic patch on the nucleosome surface. R48 of IL-33 formed salt bridges with H2A E61, D90 and D92, replacing R9 of LANA. S49 forms hydrogen bonds with E61 and E64, in place of S10 of LANA. A hydrophobic pocket formed by H2A Y50, V54 and Y57 allows the insertion of IL-33 M45, replacing LANA M6. Residues L51 and I53 in IL-33 replace R12 and T14 from LANA, hence the IL-33 residues create a denser overall network of hydrophobic contacts. Although the IL-33 CBM has bulkier N-and C-termini compared with LANA, modelling revealed that these bulky ends could be accommodated on the nucleosome surface above the acidic patch without steric constraints. The modelling results were supported by experiments showing that the IL-33 CBM failed to bind to H2A/H2B with a mutated acidic patch. Altogether, the modelling results suggested that the IL-33 CBM may bind to the acidic patch region of the nucleosome.
Regulator of chromosome condensation 1
Regulator of chromosome condensation 1 (RCC1) is a guanineexchange factor also known as RanGEF. RCC1 is a nucleosome-binding protein that recruits and activates Ran GTPase, creating a Ran concentration gradient in the vicinity of chromosomes [31] [32] [33] . The Ran concentration gradient is central for nuclear function, regulating nucleo-cytoplasmic transport [34] , assembly of mitotic spindles [31, 33] and nuclear envelope formation after mitosis [32] . RCC1 consists of a seven-bladed b-propeller domain and a disordered N-terminal tail [35] . The crystal structure of the RCC1-nucleosome complex resolved at 2.9 Å resolution (figure 3b) revealed that about three quarters of the contacts between the RCC1 b-propeller domain and the nucleosome are with histones H2A and H2B, with the remaining involving nucleosomal DNA interactions [36] . Several unique loops of the b-propeller mediate RCC1 binding to the nucleosome. Of note, the 'switchback' loop binds to the acidic patch on the nucleosome surface, consistent with biochemical experiments showing that RCC1 binds to isolated H2A-H2B dimers, and that LANA competes with RCC1 in binding assays [37] .
As with LANA and IL-33, RCC1 interacts with key acidic patch residues via an extensive network of electrostatic interactions. R223 of RCC1 forms hydrogen bonds and salt bridges with H2A residues E92, D90 and E61, similar to R9 of LANA. R223 is critical for RCC1 nucleosome binding [37] , exactly as R9 of LANA. H2A E61 also is hydrogen bonded to RCC1 R216, which forms hydrogen bonds with H2A E64. S214 and S217 of RCC1 also are hydrogen bonded to H2A E64, while S217 forms an additional hydrogen bond with H2B V45. The RCC1 acidic patch interaction has shape complementarity; there are extensive van der Waals contacts between the switchback loop residues and H2B E102, L103, H106 and V45, on the walls of the acidic patch groove.
SIR3
Saccharomyces cerevisiae does not have the typical heterochromatin structures found in higher eukaryotes. Rather, it assembles transcriptionally 'silent' chromatin at the telomeres and silent mating loci [13] . The silent information regulator (SIR) proteins, SIR1p, SIR2p, SIR3p and SIR4p, initiate and maintain the silenced chromatin state. Of the Sir proteins, Sir3 functions by modulating chromatin architecture. For example, when Sir3 is overexpressed in vivo, silent chromatin spreads outside its normal boundaries, even without the normal complement of the other Sirs [38 -40] . In vitro, Sir3 is a nucleosome-binding protein [14] that assembles uniquely condensed higher order chromatin structures [14, 15] .
Many of the Sir3 mutations that affect silencing occur in approximately 200 residue bromo-associated homology (BAH) domain located at the Sir3 N-terminus. Armache et al. [41] recently obtained a crystal structure of the Sir3BAH domain complexed with the nucleosome at 3.0 Å resolution (figure 3c). The BAH-nucleosome interface is extensive. Twenty-eight Sir3 residues are involved in the interaction. The regions of contact between the BAH domain and the nucleosome observed in the crystal structure match very well with those identified in genetic screens [41, 42] . Most of the interactions are with the core histones, although some are with nucleosomal DNA. The BAH domain interacts with the core histones in multiple locations; the BAH domain contacts the H4 tail domain, binds many H3 and H4 residues on the nucleosome surface, and also interacts with the acidic patch. BAH residues 17-37 are involved in the acidic patch interaction. These residues are disordered in the structure of BAH alone [43, 44] , but form loop 1 when BAH is bound to the nucleosome. As can be seen in figure 3c , BAH residues 28-34 fit snugly in the acidic patch groove. Although the electron density in this region is poor, R28, R29, R30, R32, K33 and R34 all appear to be able to make salt bridges and hydrogen bonds with acidic patch residues. In particular, BAH R32 is positioned to interact with H2A E61, D90 and E92, analogous to key arginine residues in each of the other nucleosome-binding proteins discussed above. Several of these basic residues affect silencing when mutated [45, 46] , rsif.royalsocietypublishing.org J R Soc Interface 10: 20121022 suggesting that the BAH-acidic patch interaction is physiologically relevant.
HMGN2
The HMGN family of chromatin architectural proteins binds to nucleosomes, competes with linker histone H1 for nucleosomal sites, and causes chromatin decompaction in vitro [47] . HMGNs also cause decondensation of nucleosomal arrays lacking H1 [48, 49] . HMGN proteins have diverse cellular effects. In particular, they act to modulate transcription [47, 50, 51] and DNA repair [52] . The N-terminal region of the HMGN proteins contains a 30 residue nucleosome-binding domain (NBD). Within the NBDs of all five HMGNs is a stringently conserved core sequence, RRSARLSA [47] . Mutational analyses indicate that the NBD core is solely responsible for mediating HMGN-nucleosome interactions [53] . Insight into the molecular basis of the NBD-nucleosome interaction has come from the studies of Kato et al. [54] , who used methyl transverse relaxation optimized NMR (methyl-TROSY) to characterize the structure of HMGN2 bound to a 167 bp nucleosome. The methyl-TROSY experiments followed the methyl groups of Val, Leu and Ile, allowing characterization of the nucleosome-binding sites for HMGN2.
HMGN2 binding affects the methyl groups of H2A L65 and H2B V45 and L103, while the methyl groups on H3 and H4 remain unperturbed. The affected methyl groups are close to the H2A E61, E64, D90, E91 and E92 and H2B E102, suggesting that HMGN2 binds to the nucleosome near the acidic patch. The location of HMGN2 was verified using paramagnetic relaxation enhancement experiments. Several HMGN2 residues were mutated to cysteines, and crosslinked to paramagnetic compound to monitor the distance between residues on the nucleosomes and the HMGN2 paramagnetic centres. The reduction of peak intensities of methyl groups on the nucleosome in proximity to the acidic patch confirmed the HMGN2-acidic patch interaction.
The involvement of the acidic patch in HMGN2 binding was further investigated by mutational analysis and isothermal titration calorimetry [54] . The H2A E61K, E64K, D90S/ E91T/E92T and H2B E102T mutations all disrupt HMGN2-nucleosome interactions, confirming that the NBD binds to acidic patch residues. NBD R22 and R26 were shown to be necessary for binding, highlighting the importance of these HMGN2 residues. Kato et al. [54] also performed computational modelling of the NBD complexed to the nucleosome (figure 3d). HMGN2 residues 22-29, comprising the conserved core sequence were modelled to form an extended strand that extensively interacts with the acidic patch along its entire length. NBD R26 is positioned to make salt bridges and hydrogen bonds with H2A E61, D90 and D92, while R23 and S24 are poised to interact electrostatically with H2A E61 and E64. Finally, it is interesting to note that phosphorylation of NBD S24 and S28 disrupt HMGN2-chromatin interactions in vitro, and S24,28E mutation disrupts HMGN2-chromatin interaction in vivo [55, 56] , presumably because of charge repulsion with the acidic patch residues [47, 54] .
Overlapping complementarity
LANA, IL-33, RCC1, Sir3 and HMGN2 each display the precise hydrogen bond complementarity, ionic complementarity and steric complementarity found at any protein -protein interface ( figure 3) . However, the interfaces physically overlap (figure 4). This phenomenon extends to the atomic level; LANA, IL-33, RCC1, Sir3 and HMNGN2 all have a strategically located arginine residue that forms charged hydrogen bonds with H2A E61, D90 and D92 of the acidic patch. An important ramification of these findings is that only a single nucleosome-binding protein will be able to interact with the surface of a particular nucleosome at any time. As will be described in §10, this brings into play competition and the law of mass action.
4. Hypothesis: nucleosome-binding proteins interact with the acidic patch to trigger remodelling of higher order chromatin structure
In the absence of nucleosome-binding proteins, the higher order structure of the chromatin fibre in any given region of the genome will be dictated by intrinsic nucleosome-nucleosome interactions mediated by H4 tail-acidic patch contacts ( §2). Does this 'ground state' structure become altered when nucleosome-binding proteins associate with the chromatin fibre? We believe the answer is yes. Now, there are five proteins for which co-structures with the nucleosome have been determined experimentally or obtained by computational methods. We find it striking that each of these proteins also binds to the nucleosome in part through interactions with the surface acidic patch ( §3). One could argue that this simply reflects the importance of the acidic patch as a universal chromatin 'tethering' domain, if not for the fact that the H4 tail also interacts with the acidic patch during higher order chromatin folding. In this section, we present a speculative model in which nucleosome-binding proteins compete with the H4 tail domain for binding to the acidic patch, triggering remodelling of the higher order structure and functionality of the chromatin fibre.
The key premise of our model is that when a regulatory protein occupies the acidic patch of a given nucleosome, the rsif.royalsocietypublishing.org J R Soc Interface 10: 20121022 H4 tail domains from neighbouring nucleosomes will be occluded. In this manner, binding of the regulatory protein will disrupt the ground state nucleosome-nucleosome interactions in the vicinity of the bound protein(s) (figure 5). Of the five nucleosome-binding proteins highlighted in §3, each uses only a small portion of its sequence (e.g. hairpin, loop, extended strand) to interact with the acidic patch. Thus, a direct prediction of our model is that peptides corresponding to the acidic patch binding regions of these proteins will inhibit the formation of higher order chromatin structure in chromatin folding experiments in vitro. Competition for the acidic patch is envisioned as a molecular trigger that initially leads to transient chromatin unfolding. In our hypothesis, once the ground state chromatin structure has been disrupted, the final fibre architecture will be specified by the unique properties of the full-length protein bound to the nucleosome (figure 5). The extremes of the chromatin structures that can be generated through this common mechanism are nicely illustrated by HMGN2 and Sir3. HMGN2 is a small disordered protein that unfolds the chromatin fibre [47] [48] [49] . Computational studies suggest that the full-length protein binds to the acidic patch via its nucleosome-binding domain ( §3.5; figure 3d ), leaving the C-terminal portion of the polypeptide chain in a position to disrupt H1 binding to the nucleosome [54] . The combination of an occupied acidic patch (thereby blocking H4 tail binding), together with the absence of H1, will ensure that the HMGN2-bound chromatin fibre will remain in a fully decondensed state, as has been observed experimentally. Sir3 is a large (approx. 110 kDa) multi-domain protein that helps establish and maintain a transcriptionally silent state at specific regions of the yeast genome [13] . Opposite of HMGN2, Sir3 induces a hypercondensed structure upon binding to chromatin in vitro [14, 15] . Like many other nucleosome-binding proteins [57] , Sir3 self-associates [58] , leading to fibre-fibre crosslinking and extensive reconfiguration of higher order chromatin structure [57] . Based on the available data, we envision that each different nucleosome-binding protein will direct formation of a different specific chromatin architecture that supports its biological function ( figure 5 ). This aspect of our model also is experimentally accessible. For example, we predict that the morphologies of chromatin fibres complexed with purified nucleosome-binding proteins in vitro will range from extended to highly decondensed and will differ for each specific protein studied.
Another important implication of our model is that nucleosome-binding proteins will compete not only with the H4 tail, but also with themselves, for binding to the acidic patch. As shown in figure 4 , the interfaces for LANA, IL-33, RCC1, Sir3 and HMGN2 physically overlap, and therefore only a single nucleosome-binding protein will be able to interact with the surface of a particular nucleosome at any time. What are the ramifications of 'overlapping complementarity' for the structure of genomic chromatin? Given that there are two acidic patches per nucleosome and many nucleosomes in any given region of a chromatin fibre, genomic chromatin fibre in effect is a complex array of binding sites for proteins that interact with the acidic patch. This brings mass action into play (figure 5). Each nucleosome-binding protein, as well as the H4 tail, will have an equilibrium constant that describes the strength of its interaction with the acidic patch. The local concentration of the H4 tails always will be very high, setting up the ground state chromatin structure. A nucleosome-binding protein will outcompete the H4 tail if it has a much higher equilibrium constant, or if its local concentration becomes very high, leading to structural and functional remodelling of the fibre. As such, the interplay between equilibrium constants and relative protein concentrations will determine which nucleosome-binding proteins are localized to any given region of genomic chromatin in vivo. Considering that each nucleosome-binding protein is predicted to assemble a different specific higher order chromatin structure, it seems likely that genomic chromatin is not structurally homogeneous, but rather is partitioned into many different micro-domains depending on the specific protein composition of the region in question. Figure 5 . A model for the mechanism of remodelling of chromatin higher order structure by nucleosome-binding proteins. K GS is the equilibrium constant for the ground state H4 tail-acidic patch interaction. K 1 is the equilibrium constant for the interaction of nucleosome-binding protein 1 with the acidic patch. K 2 is the equilibrium constant for the interaction of nucleosome-binding protein 2 with the acidic patch. The specific chromatin structure induced by a particular nucleosome-binding protein can range from completely decondensed to hypercondensed. See text for details.
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